The quality of frozen foods can be negatively affected if improper storage and distribution temperatures are allowed. The objective of this study was to investigate the effect of freeze-thaw cycles, which may occur in the cold chain, on colour (Lab, Total Colour Differences (TCD), chroma and hue angle) and vitamin C (ascorbic and dehydroascorbic acids) content of frozen strawberries (Fragaria ×ananassa, Duschesne, cv. Selva). A plan of temperature abuses (TAs) was established, based on a real situation, and applied to frozen strawberries during a four month frozen storage period. The results showed that the lightness (L) was the only parameter that was not significantly affected by range of TAs studied. The colour showed some variation on the parameters a, b, TCD, chroma and hue angle. During TAs, ascorbic acid decreased about 75% and dehydroascorbic acid increased 73%. The non-abused strawberry samples showed better overall appearance than the abused samples. This work contributes to an understanding of the quality changes of frozen strawberries that might occur during frozen storage and cold chain distribution.
Nomenclature a
Colour space co-ordinate, represents red to green b
Colour space co-ordinate, represents blue to yellow L Colour space co-ordinate, represents black to white AA Ascorbic acid DFQ Fluorophore 3-(1,2-dihydroxyethyl)furo(3,4-b)quinoxaline-1-one DHAA Dehydroascorbic acid DKGA 2,3-diketogulonic acid IAA Isoascorbic acid OPDA 1,2-phenylenediamine dihydrochloride TAs
Temperature abuses TCD Total colour difference parameter
Introduction
Strawberries (Fragaria ×ananassa) are normally consumed fresh and in processed products such as jams, juices and frozen products. The large scale of frozen strawberry production can be attributed to the short shelf-life of fresh fruit and to its very varied use as a frozen product (Oszmiański, Wojdylo, & Matuszewski, 2007; Wicklund et al., 2005) . Freezing strawberries is known as a good method for increasing shelf-life, but berries undergo quality changes throughout the whole frozen food chain, i.e. freezing, subsequent frozen storage and thawing (Kmiecik, Jaworska, & Lisiewska, 2000) . Freezing is one of the most important methods for the quality preservation of fruits and vegetables during long-term storage (Cano, 1996) . The main factors affecting the quality of frozen fruits and vegetables are storage temperature, storage time and temperature fluctuations during distribution and storage. These factors may affect texture, flavor, appearance, colour, and nutritional properties (Blond & Le Meste, 2004) . Quality preservation of frozen products is practically maintained with cold storage temperatures ranging from -25 to -40 • C (Cano, 1996) . The vitamin C content, besides being an indicator of nutrient value, is, in the case of frozen fruits and vegetables, a reliable index for estimating the quality deterioration at any point of the marketing route of a product to its final destination, the consumer (Fennema, 1977; Giannakourou & Taoukis, 2003) . Colour is another quality attribute that strongly influences the consumer in the final purchase of a product (Hunter Lab, 2000) . Fluctuating temperatures during the distribution of frozen products and the cyclic nature of refrigeration systems stimulate crystal growth (Blond & Le Meste, 2004) . From the factory to the consumer, frozen products are submitted to different types of scenarios along all the steps of the distribution chain. In the factory, distribution centres, transportation trucks, loading/unloading, the frozen product can be affected if the storage temperatures are not appropriate. Thus, maintaining a suitable storage temperature is a key factor in order to maintain food quality. Studying the behavior of frozen products submitted to undesirable conditions along the cold chain can be an important outcome, since it will allow testing the product stability under those conditions (Cruz, 2009) . Therefore, simulating the effect of temperature changes on frozen food products along the cold chain will help to provide better quality frozen food products to the final consumer. The objective of this work was to investigate the effects of TAs on the colour and vitamin C content of frozen strawberries. The findings will contribute to an understanding of the changes that might occur during frozen storage and distribution in the food chain, and to the consideration of further regulatory measures.
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Frozen samples
Fresh strawberries (Fragaria ×ananassa, Duschesne, cv. Selva) were obtained from a cultivated area in Covilhã, Portugal. Strawberries were then selected, washed and cut in small cubes (1 cm 3 ). The samples were then frozen in an air blast freezer (Armfield FT 36, Hampshire, England) at -35
• C for 10 min, and 250 g of frozen strawberry cubes were packed in low density polyethylene bags (20 cm x 18 cm) and stored at -21
• C (Haier HF-248, Wettenberg, Germany).
Plan of temperature abuses
A plan of TAs was established, based on a real situation for a four month period (Oliveira, Cruz, Vieira, Silva, & Gaspar, 2009) , and applied to the frozen strawberries ( Figure 1 ). The samples were stored in vertical freezers (Haier HF-248, Wettenberg, Germany) and analysed in each step of the plan (S1-S6 corresponds to production and distribution; S7-S20 corresponds to consumer product purchase and storage). The temperature thermal centre of the samples was assessed with a type T thermocouple and recorded with a data acquisition system (Delta-T Devices DL2 e, Cambridge, England).
Colour measurement
Colour was evaluated in the Hunter system in terms of Lab values, hue angle (tone or tintequation (1)) and chroma (saturation -equation (2)) with a tristimulus colorimeter (Dr Lange Spectro-colour, Berlin, Germany) (Hunter Lab, 2000) . The colorimeter (d/8
• geometry, illuminant D65, 10
• observer) was calibrated against a standard ceramic white tile (X=84.60, Y=89.46, Z=93.85) and a standard ceramic black tile (X=4.12, Y=4.38, Z=4.71). The colour changes were interpreted by determining the TCD (Total Colour Differences) (equation (3)) where ∆L, ∆a and ∆b are calculated by equations (4). Measurements were taken in triplicate.
where L 0 , a 0 and b 0 are the measurements of the frozen samples before TAs, and L, a and b the individual readings at each step of the TAs plan.
Ascorbic acid and dehydroascorbic acid analysis
Based on a method previously reported by Zapata and Dufour (1992), ascorbic acid (AA) (Riedel-de Haën, Berlin, Germany) content was determined by reverse phase ion interaction high performance liquid chromatography HPLC UV detection, using isoascorbic acid (IAA) (Fluka, Berlin, Germany) as internal standard. Dehydroascorbic acid (DHAA) (Sigma, Berlin, Germany) was as well detected as fluorophore 3-(1,2-dihydroxyethyl)furo [3,4-b] quinoxaline-1-one (DFQ), after pre-column derivatization with 1,2-phenylenediamine dihydrochloride (OPDA) (Sigma, Berlin, Germany). The mobile phase was composed by 13.61 g of potassium dihydrogen phosphate (Merck, Darmstadt, Germany), 3.64 g of cetrimide (Fluka, Berlin, Germany) and 2 L of methanol-ultrapure water (5:95, v/v). The eluent was then filtered in a 0.45 µm membrane (Macherey-Nagel, Porafil) and degassed in an ultrasonic bath for 15 min. The HPLC apparatus comprised a controller (LKB-2152, Bromma, Sweden), a solvent pump (LKB-2150, Bromma, Sweden), an injection valve with a 20 µL sample loop, a guard pre-column (Macherey-Nagel, Chromcart Nucleosil 100-10 C18) followed by a reverse phase column (Macherey-Nagel, Chromcart 100-10 Nucleosil, 250×4.6 mm), and a UV detector (LKB-2153, Bromma, Sweden). Each sample was homogenized with an Ultra-turrax (IKA T25 Janke & Kunkel, Staufen, Germany) in 20 mL of methanol-ultra pure water (5:95, v/v) for 5 IJFS April 2013 Volume 2 pages 60-68
Figure 1: Plan of temperature abuses. S1 to S20-steps of analysis; * These two steps were repeated 8 times.
IJFS April 2013 Volume 2 pages 60-68 min at 8000 rpm. Afterwards, 5 mL were transferred to a 20 mL volumetric flask and 1 mL of IAA standard solution (0.03 g/50 mL) was added. The pH was adjusted with HCl (Merck) to obtain final values between 2.20 and 2.45. The volume was made up to 20 mL with methanolultra pure water (5:95, v/v). The content was centrifuged (Sigma 3 K20, Osterode, Germany) for 5 min at 8.720 × g and 4
• C. Subsequently, 3 mL were transferred to another tube with 1 mL of OPDA (Sigma) (0.03 g/50 mL) which was daily prepared and maintained in the dark. The mixture was then stirred in a vortex and placed in the dark at room temperature for 40 min.
Then the mixture was filtered, using a 0.45 µm membrane (Millipore), the first millilitre was discarded and 20 µL were injected in the HPLC. The wavelength detector was set to 348 nm and after elution of DHAA, the wavelength was shifted to 262 nm for AA and IAA detection. The vitamin C total content was assumed to be the sum of the two biological active forms (ascorbic and dehydroascorbic acids). The experiments were run in triplicate.
Statistical analysis
A one-way analysis of variance (ANOVA) was performed to determine significant differences between each step of the planned TAs. The Least Significant Difference (LSD) test was run to determine the significant differences between the control (without abuses) and each treatment. Evaluations were based on a significance level of 5% and calculations were performed using the statistical software SPSS 17.0.
Results and Discussion
The experimental values for frozen strawberry colour and vitamin C content, before undergoing the planned TAs are shown in Table 1 . From Figure 2 , it can be observed that the Lab colour parameters were practically maintained along the TAs plan. The L parameter (fruit darkening indicator) showed no significant differences (P > 0.05) between the control and all the steps until the end of the plan (approximately L = 25), meaning that the lightness was not affected by the imposed temperature fluctuations (Figure 2 ). Throughout the plan of TAs the results showed some variations (P < 0.05) in the a and b parameters between the samples with and without TAs (Figure 2 ). The samples redness (a-value) in the S3 (approximately a=15) and S4 (a=13) steps (simulation at the chamber of the third distribution centre and loading the retail car) showed the highest differences compared with the nonabused samples (a=11). The frozen strawberry yellowness (b-value) showed the highest differences between the control (b=7) and the first, at sixth and ninth week at the consumer (b=4). The frozen strawberry TCD values showed some fluctuations along the plan with an average value of 4 (Figure 3) . Gormley, Walshe, Hussey, and Butler (2002) also reported TCD values in the same range in frozen strawberries submitted to temperature fluctuations. The chroma showed significant differences (P < 0.05) between the control and steps S3 and S4 (Figure 3 ), corroborating the results observed for the a-value, meaning that on those steps the samples were redder. Although the hue angle (Figure 4) showed significant differences (P < 0.05) between the control (H= 30 • ) and the S8 and S13 steps (first and sixth week at the consumer), along the plan of TAs, the values were maintained between 25
• -35
• . The frozen strawberries practically maintained its colour. This is probably related to the low moisture loss during the plan of TAs that, if higher, would promote oxidative browning reac-IJFS April 2013 Volume 2 pages 60-68 tions and, consequently, contribute to darker and less red strawberries (Nunes, Brecht, Morais, & Sargent, 2005) . In terms of vitamin C, the results showed some fluctuations (P < 0.05) in both active forms ( Figure 5 ). In terms of AA, 75% losses were observed along the plan of TAs, although its content was constant during consumer storage. This result was probably due to the temperature increase and the consequent conversion of AA to DHAA. The DHAA content increased around 73% along the TAs, so by the end of the storage period this was the prevalent form of this vitamin. This indicates that the known reversible equilibrium is being replaced by an irreversible consecutive reaction. Thus, the vitamin C total value was not impaired by the imposed TAs since DHAA still has vitamin C biological activity. The diketogulonic acid (DKGA) is probably the next product to be formed as the DHAA lactone ring is very susceptible of hydrolysis. The AA losses (75%) occurred mainly during the first fifteen days of storage when the TAs were the highest (transportation from factory to store; S1-S6). Sahari, Boostani, & Hamidi (2004) also reported losses of ascorbic acid in frozen strawberries during the first 15 days of storage (31.4% at -12
• C). These results are also in agreement with those of Ibanez, Foin, Cornillon, and Reid (1996) who reported a major decrease in the ascorbic acid content of frozen strawberries in the first 15 days of storage. This behavior is probably due to the increase in concentration of solutes that occurs in the unfrozen phase during freezing and temperature fluctuations (Thompson & Fennema, 1971) . The total vitamin C content of frozen strawberries showed some variation throughout the planned temperature abuses, although its value from the beginning until the end of the plan was practically maintained, even if converted from one form to the other. The variation is mainly due to the temperature fluctuations and can also be associated with the initial variability of vitamin C in strawberries. The results in this work are in agreement with those reported by Gormley et al. (2002) , in which the vitamin C content of frozen strawberries, subjected to temperature fluctuations, was practically maintained when compared to the control. Sousa, Canet, Alvarez, and Tortosa (2005) also showed, in a study with frozen raspberries, that temperature is a much more important factor than storage time in determining quality loss. Short term frozen storage with fluctuations caused a decrease in the ascorbic acid content of the raspberry fruits. The retention of ascorbic acid in frozen products is thus strongly dependent on their temperature history. In a study simulating the same plan of TAs, frozen watercress slabs showed similar results . The vitamin C content and the colour parameters showed some fluctuations along the plan of temperature abuses. Moreover, the non-abused samples showed a much better appearance than the abused samples, in which the strawberry cubes were covered with a mass of ice ( Figure 6 ) due to drip loss and water refreezing.
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In conclusion, frozen strawberries show, except in particular steps of the planned TAs, some storage stability in terms of colour and vitamin C. This work contributes to an understanding of the quality changes of frozen strawberries that might occur during frozen storage and cold chain distribution. Testing frozen products under these scenarios, with different storage and distribution time-temperature conditions, is an important outcome since it will help with further optimisation of cold chain quality management programs and consequently improve the final quality of frozen products.
